The biotin-(strept)avidin system has been used for many years in a variety of different applications. Here we present a general overview of the system, describe its components and advantages, and show how the system is used in various applications, with emphasis on immunological and nucleic acid hybridization assays. This system is now considered a versatile independent technology with broad applications in many branches of biotechnology. Clearly, its use will continue to grow in the years to come. Sepharose covalently linked with iminobiotin (15) (16) (17) (18) (19) .
Living organisms usually develop highly specific defense mechanisms, which help them survive in competitive and unfriendly enviromnents.
Scientists sometimes unravel such defense mechanisms and use them in vitro, in a completely different context. For example, bacterial restriction endonuclease enzymes revolutionized the field of molecular cloning when molecular biologists recognized in them a cheap, easy, and highly specific and versatile way of cutting nucleic acids. Here we will discuss the utility of avidin, a protein found in egg white, and streptavidin, a similar protein found in Streptomyces avidinii, which have the ability to bind with very high affinity the vitamin biotin (1). This interaction is thought to represent a natural defense mechanism because the binding with avidin or streptavidin of biotinylated enzymes that participate in CO2 transfer inactivates the enzymes and thus inhibits the growth of bacteria that depend on biotinylated enzymes.
Although many other ligand-binder interactions are described in the literature (2), the biotin-avidin or biotin-streptavidin interaction has some unique characteristics that make it ideal as a general bridge system in many diverse applications:
(a) The noncovalent interaction of avidin or streptavidin with biotin is characterized by a formation (affinity) constant of iO' L -mol'. This is among the highest formation constants reported, about 103_106 times greater than for the interaction of ligands with 1Department of Clinical Biochemistry, TorontoWestern Hospi Sepharose covalently linked with iminobiotin (15) (16) (17) (18) (19) .
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Iminobiotin is a biotin derivative (Figure 1 (23) .
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Biotin (Figure 1 ), also known as vitamin H, is present in minute amounts in every living cell. It acts as a co-factor of carboxylating enzymes, e.g., pyruvate carboxylase, which catalyzes the formation of oxaloacetate by condensation of pyruvate and CO2. The carboxyl group of biotin is the site of attachment of the molecule to a-amino groups of lysine residues through an amide bond. During a carboxylation reaction, the CO2 is first fixed to the iminogroup of biotin to form carboxy-biotin, which in a second step passes CO2 to the substrate, e.g.,
pyruvate.
Numerous biotin derivatives are available and will be discussed in a separate section. Biocytin, an adduct of biotin and lysine (N-a-biotinyl-L-lysine), is found naturally but also is synthesized from biotin and lysine. Biocytin derivatives prepared for labeling are mentioned below. (24) (25) (26) (27) ).
An exhaustive review of many different biotinylation
reagents has been published recently (28) . Below, we describe biotinylation procedures for proteins, sugars, and nucleic acids. However, the same procedures can be used for other compounds bearing reactive groups.
These procedures are summarized in Tables 3 and 4 .
Proteins
In the vast majority of cases, proteins are biotinylated via the a-amino groups of lysines by using anN-hydroxy- 
Blotlnylatlon Procedures
One of the basic components in a biotin-avidin-based system is the biotinylated moiety, which can be a protein, a polysaccharide, a nucleic acid, a low-Me substance, etc. To biotinylate such diverse classes of com- (Y' In addition, in biotinylation of other glycoproteins, e.g., bovine thyroglobulin, we have found that, during the NaIO4 oxidation step, the aldehyde groups generated react with amino groups of the protein, resulting in protein polymerization.
Nucleic Acids
Nucleic acid biotinylation can be accomplished with several different procedures, most of which have evolved very recently. In general, cloned nucleotide fragments are biotinylated with different strategies from those used with small synthetic oligonucleotides. The major interest in biotinylating nucleotides arises mainly from the need to devise highly sensitive nonisotopic hybridization assays.
Many procedures for nucleic acid biotinylation are based on enzymatic catalysis; others are chemical methods. Enzymatic biotinylation procedures rely on the availability of biotinylated nucleotide analogs that can act as enzyme substrates. Alternatively, nonbiotinylated nucleotide derivatives can be used as substrates but, after they are incorporated into DNA, they can be chemically biotinylated because they carry into their structure an easily biotinylable group (e.g., an aliphatic primary amine group).
The first reported biotinylated nucleotides were biotinylated uridine triphosphate (UTP) and deoxyuridine triphosphate (dUTP) (Figure 4) (34, 35) . Biotin is attached to the 5-position of uridine base through an allylamine linker. The distance of biotin from the nudeotide base, measured in numbers of atoms, is shown in the name of the molecule, as biotin-n-base, e.g., biotin-
11-dUTP
and biotin-16-dUTP. More recently, biotinylated dATP and dCTP with linkers of between three and 17 atoms long have been described (36) . Precursors of these molecules are modified bases that contain linker arms with free -NH2 groups, e.g., N6-(6-aminohexyl) dATP (Figure 4) , and are thus easily biotinylated with NHS-LC-biotin.
Many biotinylated nucleotides and some of their precursors are commercially available.
Another useful class of biotinylated nucleotides consists of nucleotides that contain the S-S group within the structure of the linker arm. These "releasable" nucleotide analogs can be used in applications where the nucleic acid needs to be released after its binding to streptavidin (25, 37) . E. coli DNA polymerase I, repairs the nicks by both its 5' -3' exonuclease activity (to chew off more nucleotides) and its 5' -3' polymerase activity (to fill in the gap). During the 5' -* 3' polymerization, the biotinylated nucleotides or precursors in the reaction mixture are incorporated into the DNA. Although in theory one can incorporate more biotins by using only biotinylated dNTP in the reaction mixture, this is not usually attempted for two reasons: the highly biotinylated DNA may not be suitable to use as a probe (because it may not reassociate with the target with acceptable specificity, affinity, and kinetics), and incorporation of >40 biotinylated nucleotides per kilobase of DNA does not improve the sensitivity of the assays developed (probably because of steric hindrance problems associated with streptavidin binding) (36). We have also seen this effect with highly biotinylated proteins, e.g., antibodies labeled with >20 biotins. Nick translation not only labels but also fragments the original DNA. The ratio of the enzymes DNase I and DNA polymerase I and the incubation time and temperature of the reaction are adjusted so that the labeled probes are 500-1500 bases long. Nick translation kits are commercially available from several manufacturers, making the procedure easy and reliable to apply even by nonspecialists. In these kits, usually one biotinylated nucleotide (e.g., biotin-7-dATP) is incorporated into the reaction mixture along with three unlabeled nucleotides.
The random printing method was originally developed to label DNA radioactively (38); it can be used with probes <500 bp long. The method is based on the denaturation of DNA by heating and the subsequent annealing to the DNA, upon cooling, of random-sequence oligodeoxyribonucleotidea.
The DNA-random oligonucleotide hybrids are substrates for the Klenow fragment of E. coli DNA polymerase I, which extends in the 5' -3' direction, incorporating nucleotides and any biotinylated nucleotides in the newly synthesized strands. Again, random priming kits are commercially available and are extremely easy to use. Protocols involving biotinylated nucleotides (e.g., biotin-ildUTP, which is incorporated as if it were dTFP, or biotin-7-dATP) are also available from these manufacturers.
In any case involving a precursor of biotinylated nucleotides, e.g., N6-(6-aininohexyl) dATP, the product can be easily biotinylated through use of NHS-LCbiotin.
Cloned double-stranded probes inserted into transcription vectors that contain the promoters for SP6 and 11 RNA polymerase can be transcribed in the presence of biotinylated nbonucleotide triphosphates to produce single-stranded biotinylated riboprobes. Labeling of DNA can also be achieved by other procedures. A new biotinylation reagent, photobiotin (Figtire 5) (39) , is now commercially available and has been used to label not only DNA but also proteins and RNA (40). Photobiotin contains the biotin moiety attached to a photoactive aryl azide group through a linker. Upon exposure to intense visible light (350-370 mn) for 15-20 mm, the aryl azide group is converted to a highly reactive aryl nitrene, which reacts and biotinylates the DNA. The biotin incorporation is about 5-10 biotins per kilobase of DNA. The bond is very stable, although its exact nature is not known.
0

HN NH N3--NH-(CH2)N-(CH2-NH-C-(CH2)-
NO2 CH3
Another method used to label DNA chemically is based on the well-known transamination reaction of cytosine residues with sodium bisulfite and a dianiinoalkane, e.g., ethylenediamine ( Figure 6) by using an NHS-ester of biotin (see Figure 2) . The biotin incorporation with this method can be as great as 30-100 biotins per kilobase of DNA and can be controlled somewhat by adjusting the pH and the bisuffite concentration in the reaction. In a variation of this technique, DNA can be labeled by reacting the cytidine residues with biotin hydrazide in the presence of sodium bisulfite (42).
Psoralen derivatives of biotin (Figure 7 ) have also been used as labeling reagents for DNA (43-45) . Psoralen has the ability to intercalate into double-stranded nucleic acids and, when irradiated with light (360 nm), form interstrand crosslinks. Probes suitable for labeling with psoralen-biotin derivatives must have an appropriate structure: a single-stranded region that will hybridize to the target and a double-stranded region that will carry the label. Usually, the psoralen moiety and biotin are separated by a spacer arm (Figure 7) to increase the availability of biotin for streptavidin binding. About one biotinylated psoralen is present in every 10 bp in the double-stranded region of the probe.
In recent years, it has been possible to synthesize short (<50 bases) single-stranded oligonucleotide probes by automation and to use these probes for hybridization or as primers for the polymerase chain reaction (PCR) or sequencing. These probes can be biotinylated via several different procedures. For endlabeling at the 3'-end, one can use the enzyme terminal deoxynucleotidyl transferase (TdT) and biotinylated nucleotides, e.g., biotin-11-dUTP (46). Alternatively, TdT can be used to introduce 4-thiouridine, which can then be reacted with haloacetamido derivatives of biotin, e.g., iodoacetyl-LC-biotin, to biotinylate the probes (47) . RNA probes can also be labeled with biotin at their 3'-termini by first reacting the 2',3'-ci.s-hydroxyls of the terminal ribose with periodate, to produce aldehyde groups that can then be reacted with biotin hydrazide as described above (Figure 3) (48) . RNA probes have also been biotinylated at their 3'-termini by use of the enzyme T4 RNA ligase (49). End-labeling at the 5' end Newer biotinylation methods allow for biotin introduction internally into an oligonucleotide. For example, Jablonski et al. (53) and Haralambidis et al. (54) reported the synthesis of C-S-substituted deoxyuridines carrying a masked primary aliphatic amino group. These modified bases can be used as phosphoramidites in automated oligonucleotide synthesis (52) ; after deprotection, they possess a free amino group available for biotinylation. For better availability, this amino group should be attached to the base through a linker arm. With such procedures, both the location and the number of amino groups can be controlled. Similarly, C-8-substituted deoxyadenosine phosphoranudites have been reported (55) . In yet more-straightforward procedures, biotinylated nucleoside phosphoramidites were synthesized (56, 57) and used to produce by automated synthesis oligonucleotides that were multiply labeled at any site. More recently, nonnucleosidic phosphoramidite linker units carrying biotin have been synthesized and used to produce multiply biotinylated (e.g., eight biotins) short probes (58) .
Cook et al. (52) examined in detail the achievable sensitivity in hybridization assays involving short 17-mer probes labeled with either one or up to three biotins at various sites internally or externally to the probe. They concluded that probes tailed with TdT gave the best overall results, whereas the poorest results were obtained with internally labeled probes. They also found that probes with internal biotins form less-stable hybrids than probes with external biotins. Others (58) also noticed that multiple biotinylation of short probes does not improve signal yield when streptavidin is the carrier of the label.
PCR is also a convenient method of producing relatively short labeled probes (59) . During the PCR process, labeled nucleotides can be introduced into the final probe product. The enzyme Taq polymerase used in the PCR process incorporates biotinylated nucleotides, among others.
The degree of biotinylation of DNA, produced by any of the methods described above, can be assessed by at least two recently described procedures (60, 61) .
The Avidin-Blotin Interaction as a Detection System
The avidin-biotin interaction can be used for detecting a diverse number of targets with three different basic configurations (62) (63) (64) : (a) Avidin or streptavidin is labeled with a detectable molecule, e.g., an enzyme, fluorescent, chemiluminescent, or radioactive probe; a metal; or some other moiety. Biotin present in another reactant (antibody, nudeotide, Protein A, lectin, etc.) links the target molecule with the labeling system ( Figure 8A ). This detection format is used widely for immunoassays, DNA hybridization assays, immunohistochemistry, and flow-cytometry. Avidin and streptavidin conjugates carrying a variety of detectable molecules are commercially available (Table 2) .
(b) Streptavidin is used unlabeled and serves to link the biotinylated binder with the biotinylated detection molecule ( Figure SB) . This variation of the system takes advantage of the multiple biotin-binding sites in each avidin or streptavidin molecule. It is also used widely in immunoassay and DNA hybridization techniques, especially with probes that can be easily biotinylated (e.g., enzymes and proteinaceous fluorescent molecules). third method combines effectively the principles of (a) and (b) to yield a significantly more sensitive system (3) . The basic idea is to mix, under controlled conditions, unlabeled streptavidin or avidin and a biotinylated detection reagent, e.g., an enzyme. Given the multiple biotin binding sites on avidin or streptavidin, one can generate a polymer having some free biotin-binding sites. This reagent is then used as in (a) but affords superior sensitivity.
Kits offering the streptavidin or avidin and biotinylated enzymes at optimized concentrations, so that one can form the complex by simply mixing the reagents, are commercially available and are known as ABC (avidin-biotin complex) kits.
The AvIdin-Blotin Interaction as an Affinity System
Immobilized avidin or streptavidin can be used to retrieve, puri1r, and characterize various moieties of interest (2) . For example, a protein present in cells can be reacted with a specific biotinylated probe (antibody, receptor, lectin, hormone, etc.), which can then be retrieved by being placed in contact with a column or magnetic beads with immobilized avidin or streptavidin. The protein of interest can be released by disrupting the protein-biotinylated probe complex (2, 26, 65, 66) . This approach can also be used with cleavable biotin analogs, facilitating easy release of the bound complex (25, 37) . Biotinylated DNA can be retrieved by using similar procedures.
Avidin-or streptavidin-coated solid phases have been used effectively as separation agents in heterogeneous immunoassays (67, 68) and in DNA-hybridization assays (69) . Two examples are given in Figure 9 . Other applications include isolating and purifying DNA-binding proteins by use of streptavidin-DNA-biotin solidphase (70) , solid-phase DNA sequencing in combination with PCR (71) , separation of cells tagged with biotinylated antibodies (72) , and efficient fusion in hybridoma production (73) (see below).
Selected Applications of the Blotin-.(Strept)Avidin
System Immunological Assays
With the existence of biotinylation reagents and various avidin-or streptavidin-based detection systems (Tables 1 and 2 ), one would expect that many manual or automated avidin-biotin based immunoassays would be available commercially. This is not the case, however, and most of the available immunoassay kits or methods rely on direct labeling of the detection antibodies of interest. This is generally advantageous through avoiding the extra step of adding streptavidin label. On the other hand, the versatility of the avidin-biotin system makes it very attractive for research applications, as has been recently stressed in the literature (74) , for the following reasons: For research applications, when appropriate antibodies are available, one of them can be immobilized on a solid support (e.g., polystyrene microtiter wells) and the other can be easily biotinylated as described before; streptavidin-enzyme conjugates, as well as many enzyme substrates, or other conjugates are available from many manufacturers; with such assay configurations ( Figure 8A ), excellent sensitivity can be achieved because of the amplification introduced by the avidin-biotin system. This amplification can be as high as 100-fold (10-20 active biotins per antibody and three to six enzymes per streptavidin). Competitive-type immunoassays can also be devised by using either the immobilized antigen approach and biotinylated antibody (75, 76) or the immobilized antibody approach and biotinylated antigens (77) . In our hands, if good antibodies and calibration material are available, excellent assays can be set up in a few working days.
The most widely used enzyme conjugates for immunoassay are streptavidin-horseradish peroxida.se (EC 1.11.1.7) and streptavidin-alkaline phosphatase (EC 3.1.3.1). With peroxidase, many substrates that yield colored products can be used (78) . With alkaline phosphatase, the colorimetric substrate p-nitrophenyl phosphate, the fluorogenic substrate 4-methylumbelliferyl phosphate (79) , or the chemiluminogenic substrate 3-(2'-spiroadamantane)-4-methoxy-4-(3' '-phosphoryloxy) phenyl-1,2-dioxetane, disodium salt (AMPPD) (80, 81) , is used, the latter two having the better sensitivity. Recently, streptavidin conjugates have been used in timeresolved fluorometric applications (82) (83) (84) (85) (86) (87) (88) (89) . In one variation, Eu3 is noncovalently attached to streptavidin by a strong Eu3 chelator of the aminopolycarboxylic acid type (82, 83) . After the immunological reaction is completed and excess biotinylated antibody is washed off, Eu3-labeled streptavidin is added ( Figure 8A ). The Eu3 on the complex is then released in solution by lowering the pH and is re-complexed with ligands to form fluorescent complexes of long fluorescence lifetime. These complexes are quantified by using time-resolved fluorometry.
A different approach involves labeling streptavidin with the europium chelate of 4,7-bis(chlorosulfophenyl)-1,10-phenantbroline-2,9-dicarboxylic acid (84) (85) (86) (87) (88) (89) . A very interesting variation of the avidin-biotin system in immunoassay has been developed by Bobrow et al. (92) . In this assay, called catalyzed reporter deposition, horseradish peroxidase is used as label in a typical "two-site" immunoassay. However, the peroxidase, instead of producing a measurable signal, is used to catalyze the deposition of biotin-derivatives on the solidphase, which is then detected by using streptavidinenzyme conjugates. This approach amplifies manyfold the signal generated and shows promise for future applications that require very high sensitivity.
Many commercial sources apply the biotin-avidin technology not as a detection technique but as a highaffinity separation method of bound and free labeled reagent ( Figure 9 ) (67, 68) .
Nucleic Acid Hybridization Assays
The dominant labeling systems for various DNAbased assays are still radionuclides, i.e., P and 35S. These radionuclides offer superior sensitivity to that of the nonisotopic alternatives available today (93) . However, P and other radionuclides have some major disadvantages. Many laboratories, especially those interested in routine applications in the field of infectious disease, genetic disease, forensics, and cancer, are exploring alternative systems. Nonisotopic methodologies are now entering nucleic acid-based testing, with excellent prospects. In many applications (e.g., infectious disease), extreme sensitivity is not always needed; moreover, with the advent of PCR, the amplified product can be easily detected with nonisotopic methods. Some new nonisotopic assays claim to be as sensitive as assays (94, 95) .
Because biotin can be easily and multiply incorporated into DNA without altering its ability to hybridize with its targets, it is the label of choice in many nonisotopic systems, with conjugated streptavidin being used for detection. Streptavidin-alkaline phosphatase conjugates have been widely used in combination with the colorimetric reagent NBT-BCIP (94), but more recently the chemiluminometric reagent AMPPD has been used for more-sensitive assays (80, 95) . Streptavidin labeled with europium in combination with time-resolved fluorometry has also been used (83) , or more recently, streptavidin labeled with europium chelates (95) . From the information given before, one can easily deduce that any type of DNA assay (Southern, Northern, Western, dot,-blot, etc.) can be performed by using the biotin-avidin interaction: biotinylated probes for Southern and Northern blotting and biotinylated antibodies for Western blotting.
Other Applications
The application of the system for DNA sequencing has recently been reported in different formats (71, 96) . In one assay (96), based on the dideoxy chain termination sequencing method, biotinylated primers are used with direct blotting electrophoresis, which facilitates the transfer of the generated DNA fragments from the polyacrylamide gel to a nylon membrane (97, 98) . The fragments, all containing the biotinylated primer, are then made visible by using streptavidin-alkaline phosphatase and the NBT-BCIP substrate.
In flow cytometry, biotinylated antibodies are used to react with specificmembrane targets; the cells are made fluorescent by further reaction with streptavidin-fluorochrome conjugates. In receptor-hormone studies, the hormone can be biotinylated, provided biotinylation does not alter its ability to bind to the receptor (99). In electron microscopy, ultrastructure can be localized by using specific antibodies and avidin-gold or avidinferritin conjugates or unlabeled streptavidin and biotinylated ferritin (31, 100) .
More recently, some new reagents have been described for use with the avidin-biotin system. Antibiotin antibodies can be used when the high affinity of the avidin-biotin interaction is not desirable (35) . In this case, the biotin moiety is used as a hapten in a manner similar to other "hapten-anti-hapten" systems, e.g., the digoxigenin system (101) . Antibodies against avidin and streptavidin have also been prepared and are available conjugated with enzymes or biotinylated. Biotinylated anti-avidin and anti-streptavidin are interesting reagents because they can react with avidin or streptavidin from two different sites. They can thus be used as amplifiers, as described elsewhere (102) (103) (104) (105) .
Another novel application of the biotin-avidin system has been the facilitated cell fusion for hybridoma production (73) . In this method, biotin is attached to the membrane of myeloma cell lines used for hybridoma production. An antigen-avidin conjugate is mixed with the spleen cells suspension that is producing the antigen-specific antibodies. The spleen cells producing antibodies express the antibodies on their surfaces and are selectively labeled with avidin. Mixing the biotinylated myeloma cells and the avidin-labeled antibody-producing spleen cells yields complexes of the form myeloma cell-biotin-avidin-antigen--spleen cell, which will fuse efficiently by electrofusion. The close proximity of myeloma cells with antibody-producing spleen cells (but not non-antibody-producing spleen cells) facilitates greater yields during electrofusion. Alternatively, the myeloma cells can be avidinylated and the antigen of interest can be biotinylated and attached to the antibody-producing spleen cells.
Other interesting applications of the system for targeted imaging and drug delivery in combination with specific antibodies have been reported (10, 106).
In conclusion, the extreme versatility of the avidinbiotin system and the commercial availability of many auxiliary reagents will undoubtedly contribute to the more widespread use of this system in diverse areas of biotechnology.
